[1] We have carried out a self-consistent three dimensional global hybrid simulation study examining the interaction of the solar wind with Mercury's magnetosphere. We consider two cases: one with relatively high solar wind pressure, and another with relatively low solar wind pressure. With lower solar wind pressure, the subsolar magnetopause forms at about 1.7 R M (where R M is the planetary radius) and well pronounced cusp regions are formed; also a closed ion ring forms around the planet. In the higher solar wind pressure case the magnetopause is pushed closer to Mercury's surface ($1.2 R M ) and the cusp regions are less pronounced; the ion ring in this case is confined to a region closer to the planet with a smaller radial extent. In both cases reconnection occurs at about $2.4 R M down the magnetotail and a plasma sheet is formed. In general the plasma within the magnetosphere is more energetic in the high solar wind pressure case and the ion foreshock contains hotter magnetosheath plasma. Particles originating from the planet disperse through the magnetosphere, with the greatest congregation occurring in the inner magnetospheric drift driven rings in both cases. These planetary particles can also leak upstream into the foreshock region. Citation: Trávníček, P., P. Hellinger, and D. Schriver (2007), Structure of Mercury's magnetosphere for different pressure of the solar wind: Three dimensional hybrid simulations, Geophys. Res. Lett., 34, L05104,
Introduction
[2] Magnetometer data from two flybys of Mercury by the Mariner 10 satellite established that the planet closest to the Sun has an intrinsic magnetic field [Ness et al., 1974] . Based on those observations, Mercury's magnetic dipole moment has been estimated to be between 170 nT R M 3 (%2.5 Á 10 19 Am 2 ) [Jackson and Beard, 1977; Whang, 1977] and 349 nT R M 3 (%5. Á 10 19 Am 2 ) . Even assuming the larger value for the magnetic moment, the Hermean magnetosphere is small compared to much larger magnetospheres of Earth, Jupiter and Saturn [Russell et al., 1988] .
[3] Because of the limited data available from Mariner 10, the overall structure of the Hermean magnetosphere is not well understood. During the Mariner 10 flybys, the standoff distance between the solar wind and Mercury's magnetosphere was estimated to be between 1.3 and 2.1 R M . Depending on the orientation of the interplanetary magnetic field (IMF) [Slavin and Holzer, 1979] estimated that the standoff distance could be less than <1.2 R M a significant amount of time due to magnetic erosion. Such a small distance between the planet and magnetopause could inhibit the formation of a closed, trapped ring current type region within Mercury's magnetosphere. Mariner 10 electron data also indicated that a substorm-like event may have occurred during the flyby, suggesting that magnetic reconnection can take place in the Hermean magnetotail Eraker and Simpson, 1986] . The nature of the dynamical Hermean magnetosphere, however, is not clear since Mercury does not have a conducting ionosphere and it is not understood how field-aligned currents close near the planet.
[4] The small Hermean magnetosphere can experience solar wind with speeds ranging from 200 km/s up to 600 km/s [Russell et al., 1988] . Thus Mercury is subject to solar wind dynamic pressure variations which are relatively large compared to small magnetic pressure of the Hermean magnetic dipole field. To examine the structure of Mercury's magnetosphere for different conditions, we have carried out a study using three dimensional (3D) hybrid simulations. First we consider Mercury with a higher solar wind pressure (the solar wind proton particle density n p = 73 cm
À3
, the IMF amplitude B sw = 46 nT, and the solar wind velocity v sw = 600 km/s % 5 v A0 , where the Alfvén speed v A0 = 118 km/s [Russell et al., 1988] ). The radius of Mercury is R M = 91 L p0 , where L p0 is the proton inertial length L p0 = c/w pi in the solar wind defined as the speed of light divided by the ion plasma frequency. Second we consider Mercury when the solar wind pressure is much lower (n p = 32 cm À3 , B sw = 21 nT, v sw = 250 km/s % 3 v A0 [Russell et al., 1988] ), so that R M = 60 L p0 , and v A0 = 82 km/s.
[5] We use a 3D hybrid model of the interaction between a downscaled magnetized planet and solar wind flow with a high spatial resolution c/w pi such that wave-particle interactions, which play an essential role in the formation of the magnetosphere and boundary structures, are properly included. Previous global studies of Mercury-sized magnetospheres in 3D have employed MHD codes [e.g., Kabin et al., 2000] or hybrid models with spatial resolution of several c/w pi [Kallio and Janhunen, 2003] . Global 2D hybrid models of solar wind interacting with magnetized obstacles have been also considered [Omidi et al., 2002] .
[6] In the following section we describe the 3D hybrid simulation model, the simulation results for low and high solar wind pressure follow in section 3, and a summary of the analysis and conclusions are in section 4.
Model and Initialization
[7] We use an implementation of the hybrid code introduced by [Matthews, 1994] . In this model protons are treated by a particle in cell (PIC) scheme, while electrons are considered as massless, isothermal, isotropic, and charge neutralizing fluid. Hall term effects are included. We use a 3D simulation box with N x Â N y Â N z = 400 Â 160 Â 160 rectangular mesh points distributed along each of the three (Cartesian) dimensions with spatial resolution (D x, Dy, D z ) = (0.4, 1, 1) L i0 . Hence the total size of the simulation domain is (L x , L y , L z ) = (160, 160, 160) L p0 . We use a time step Dt = 0.02 W i0 À1 with Dt B = Dt/10 time step used for sub-stepping the electromagnetic fields.
[8] We initialize the magnetic field with a superposition of the isotropic IMF and a dipolar planetary magnetic field. The IMF B sw0 = (B x , B y , 0), B sw0 = 1 makes an angle of 8 = À30°with respect to the ÀX axis (i.e., with respect to the solar wind flow direction). The dipolar field is defined by
where M and r are given in dimensionless (simulation) units (B sw L i0 3 /m 0 and L i0 respectively), e r and e l are unit vectors in the radial and magnetic latitude directions respectively, r is the radial distance from Mercury's center, and l is the magnetic latitude measured from the equatorial plane (X, Y) (i.e., no dipole tilt is applied). We used a scaled down model of Mercury with a magnetic moment M = 25,000B sw L i0 3 4p/ m 0 = 3.76 Á 10 19 /e Am 2 for both studies, where the scaling factor e equals to %166 and %111 for the high and low solar wind pressure cases respectively. Consequently we use R M = 16.36L i0 and R M = 12.48L i0 for the two studied cases so that the downscaling preserves the stand-off distance of the magnetopause predicted by R mp = (2B eq 2 /(m 0 P ram,sw ))
R M , where B eq is the magnetic field at the equator of the planet with radius R M and P ram,sw is solar wind ram pressure n sw0 m p v sw 2 , where m p is the proton mass (m p = 1 in simulation units). Although scaled down, the radius R M is always sufficiently larger than the local Larmor radius r L . We have found that the local Larmor radius is typically 3L i0 and 2L i0 in the case of stronger and weaker solar wind respectively with some exceptions in the current sheet. At t = 0 we load the simulation box with 70 super-particles in each cell (except the interior of the planet) representing a Maxwellian isotropic proton plasma (n p = n sw0 , v p = (v sw , 0, 0), b p = n sw T p / B sw0 2 = 0.5 in both cases). Electrons have b e = 0.5. This plasma flow is continuously injected from the left boundary at x = 0.35L x . We use open boundary conditions, i.e., particles freely leave the simulation box on all sides. Particles hitting the planetary surface are removed from the simulation. We keep @B/@t = 0 and E = 0 in the interior of the planet and a resistivity layer h % 0.8 exp(Àh 2 /h 0 2 ) (where h is radial distance from the surface, h 0 = 3L i0 ), is applied near the planet's surface. We have also injected H + ions with density of the order n p $ 10 À4 n sw isotropically from Mercury's surface in both cases with velocity v p $ 0.05 v A perpendicular to the surface. Both numerical experiments reached times $40 W i0 À1 which is sufficiently higher than the system transit time (i.e., $7 R M /v sw ).
Results
[9] The density distribution of H + ions at t $ 40 W i0 À1 in the neighborhood of Mercury for both cases is shown in Figure 1 . As the solar wind comes into contact with Mercury's magnetic field, a bow shock and magnetopause are formed. The magnetosheath is well separated from the Hermean magnetosphere by the magnetopause and the magnetosheath plasma is pushed closer towards the Hermean surface under the higher solar wind pressure (Figures 1a and 1c) . Comparing the left and right panels the subsolar magnetopause is located at about $1.2 R M for higher solar wind pressure, and $1.7 R M for lower pressure. These distances are in agreement with values expected at Mercury and based on pressure balance [cf. Siscoe and Christopher, 1975; Slavin and Holzer, 1979] ). Magnetospheric regions such as the cusp regions on the dayside at higher latitudes, a plasma sheet on the nightside (both apparent in Figure 1b ) and a closed ion drift ring around the planet (Figures 1c and 1d) clearly form. However, these regions are much less pronounced under the higher solar wind pressure conditions. For example, the ion ring around the planet is confined to a more narrow radial distance very (Figures 1a and 1b) and the equatorial plane (x, y, z = 0) (Figures 1c and 1d) . The axes are in units of planetary radii R M , and the density is in units of n sw . Arrows mark the location of ongoing reconnection.
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close to the planet (Figures 1a and 1c) . Both northern and southern cusp regions (Figure 1d ) have enhanced density regions close to both cusp neutral points.
[10] The plasma temperature profile is shown in Figure 2 (in the same format as Figure 1) . In certain regions the plasma inside the Hermean magnetosphere is hotter under the higher solar wind pressure (Figures 2a and 2c) , which is a natural consequence of the higher overall energy content carried by the faster and denser solar wind. Warmer plasma can be seen in the magnetosheath on the dayside and in the plasma sheet on the nightside. The plasma ring contains hot plasma in both simulations, but is hotter in the high solar wind pressure case. The quasi-parallel portion of the bow shock is characterized by magnetic field lines directly connected to the magnetosheath. Here solar wind protons can penetrate into the magnetosheath where they are heated. Some suprathermal protons are reflected back upstream in the quasi-perpendicular portion of the shock wave and move further upstream forming a proton foreshock (see Figures 2c  and 2d ) [e.g., Kennel et al., 1985] . The upstream heated portion of foreshock plasma is composed of solar wind plasma reflected at the quasi-perpendicular portion of the shock as well as heated plasma from within the magnetosphere that circles the planet and reaches the quasi-parallel magnetopause region.
[11] Downstream of the quasi-perpendicular bow shock we observe a well structured wave train in both cases (Figures 1c and 1d) . Moreover, for the higher solar wind pressure the wave front of the shock is more structured (rippled). This is in agreement with previous observations that slower collisionless shocks (with Alfvén Mach numbers M A < 5) are not subject to shock rippling and/or possible reformation processes, while above M A $ 5 these processes occur [Hellinger and Mangeney, 1997] .
[12] Colored plots of the distribution of the magnetic field amplitude in the neighborhood of Mercury are shown in Figure 3 . Arrows show the local orientation of the projection of the magnetic field onto the given plane. The length of these arrows is proportional to the strength of the magnetic field, however, an upper bound on this length is set so these arrows are not too big close to the planet. Magnetosheath plasma is constrained by a well pronounced bow shock and the magnetopause, and we can see that the northern and southern cusp regions are enlarged under the lower solar wind pressure (see Figures 1b, 1d, 3b , and 3d).
[13] Colored plots of the distribution of the j py and j pz components of the H + current density are shown in Figure 4 . Convection of the shocked solar wind flow around the (Figures 2a and 2b ) and the equatorial plane (x, y, z = 0) (Figures 2c and 2d) . The axes are in units of planetary radii R M , and the temperature is in units of solar wind temperature T sw . (Figures 3a and 3b ) and the equatorial plane (x, y, z = 0) (Figures 3c and 3d) . The axes are in units of planetary radii R M . Arrows indicate the orientation of the projection of the magnetic field vector in the given plane. Upper bounded lengths of these vectors are proportional to the projected strength of the magnetic field (in arbitrary units).
magnetopause can be seen in Figures 4a -4d . As solar wind flow enters the magnetopause region, it is converted into a larger parallel flow. Part of the upstream flow energy is transformed by the shock into global flows with perpendicular components to the (X, Y) plane (Figures 4c and 4d) .
[14] An interesting feature apparent in both cases is the formation of a magnetic neutral line and reconnection in the magnetotail. The location of the magnetic field reversal on either side of the neutral line region is apparent at x = À2.4, z = 0.5 in Figures 3a and 3b which is consistent with the prediction by [Slavin, 2004] . The effect of the reconnection can be seen on Figures 1a and 1b , where there is a density buildup of plasma sunward and anti-sunward of the reconnection region. The reconnection effect is also observed in Figure 4 with planetward directed flow on the sunward side of the reconnection region while tailward directed flow occurs on its anti-sunward side.
[15] We have injected an ad hoc population of low energy (v p $ 0.05 v A ) H + ions with density n p $ 10 À4 n sw isotropically from Mercury's surface in both cases. This enabled us to obtain a zero order estimate of the localization and circulation of ions sputtered off the planetary surface [e.g., Killen and Ip, 1999] . Figure 5 shows the colored plots of density profiles of these planetary ions (note that the solar wind density is not included on these plots). In both cases these ions are transported throughout the magnetosphere. The major portion of these H + ions remains localized in Mercury's drift driven belts at lower latitudes (see Figures 1  and 5) [cf. Leblanc and Johnson, 2003] . These planetary originating H + ring ions are more confined radially in the case of higher solar wind pressure (Figures 1a, 1c, 5a , and 5c). A slight density increase of these ions can be noted also in the magnetopause region (Figures 5a, 5c, and 5d ). The rest of Mercury's magnetosphere is filled by these ions rather uniformly. The ions also penetrate the parallel portion of the bow shock and are present in Mercury's foreshock region. More realistic ejection profiles of heavy ions (Na + , K + , O + ) will be considered in future studies.
Conclusion
[16] A 3D self-consistent global hybrid simulation study of the solar wind interaction with a planetary magnetosphere like that of Mercury has been carried out. Both a low and high pressure solar wind have been considered. In both cases a magnetosphere forms with the expected structures, i.e., bow shock, magnetopause, cusp regions and a magnetotail. The subsolar standoff distances of the magnetopause (Figures 4a and 4b ) and the equatorial plane (x, y, z = 0) (Figures 4c and 4d) . The axes are in units of planetary radii R M . Arrows indicate the orientation of the projection of the current density vector in the given plane. Upper bounded lengths of these arrows are proportional to the magnitude of the projected current density (in arbitrary units).
L05104 TRÁVNÍÈ EK ET AL.: STRUCTURE OF MERCURY'S MAGNETOSPHERE L05104 $1.2 R M and $1.7 R M for the high and low solar wind pressure cases, respectively, are in agreement with positions determined by balancing the solar wind and intrinsic magnetic field pressures. The cusps are well formed in the lower solar wind pressure case, whereas they are compressed and less distinguishable from the magnetosheath in the higher solar wind pressure. Also the temperature is on average higher in the magnetosphere for the higher solar wind dynamic pressure as expected since there is more energy in the high speed solar wind. Reconnection occurs at about X % À2.4 R M in the nightside magnetotail and a plasma sheet forms as a result. The magnetotail reconnection at Mercury occurs at a location analogous to where magnetotail reconnection occurs at the Earth (i.e., À20 to À30 R E , with R E = 1 Earth radius), but with a properly scaled down magnetic moment [Slavin, 2004] .
[17] In general there is basic agreement between the hybrid simulation magnetospheric boundaries and those found in the magnetohydrodynamic (MHD) approximation [e.g., Kabin et al., 2000] , but there are also important results found from the kinetic model, which are not included in MHD. One is the formation of an ion foreshock, that occurs upstream of the quasi-parallel region of the bow shock. This occurs as solar wind ions reflect off the bow shock and flow back upstream along the solar wind IMF. Plasma instabilities are driven by the relative streaming between the reflected ions and the ambient solar wind plasma, which causes an overall temperature increase in the foreshock region. The plasma in the foreshock is hotter in the higher solar wind pressure case due to the stronger driving of the foreshock formation processes.
[18] Another important kinetic effect found from the global hybrid simulations is the formation of a closed drift ring of ions near the planet in the inner magnetosphere. Even in the case of the higher solar wind pressure where the magnetopause is compressed relatively close to the planet, a closed, heated ion drift ring forms as a result of solar wind plasma transport through the bow shock, magnetopause and into the inner magnetosphere. We injected ions into the system also from the planetary surface to include a zeroorder model of ions sputtered of the surface. We found that while the majority of these sputtered ions end up in the closed drift ring around the planet, some are transported throughout the magnetosphere and a few leak upstream into the ion foreshock region.
[19] This study represents the first step in 3D highresolution global kinetic modeling of the Hermean magnetosphere and only initial top-level results are presented. A much more detailed analysis of the kinetic aspects of global magnetospheres will be presented in our future work.
